Abstract The extent and dynamics of the north-eastern sector of the Greenland ice sheet (GIS) during the last glacial still remain very uncertain, and maximum ice extents to inner-shelf, mid-shelf and outer-shelf positions have been suggested. Here we argue that the margin of the GIS reached the shelf break along part of its NE sector during the last glacial maximum. Swath-bathymetry and sub-bottom profiler data from the outermost part of the Store Koldewey glacial trough reveal the first documentation of moraine ridges/grounding-zone wedges in this area, supporting ice expansion to the shelf break at *76°N. A complex pattern of retreat moraines in the outer trough reflects a stepwise early deglaciation. It is suggested that this behavior is not in line with a deglaciation triggered by an abrupt sea level rise. According to established glacial geomorphological models this should have resulted in ice lift-off and a sea floor dominated by landforms formed during full-glacial conditions (streamlined bedforms) and ice disintegrations (iceberg plough marks). Instead, formation of the recessional moraines must have involved other mechanisms resulting in a step-wise ice retreat. This could possibly be related to melting of the grounded ice controlled by a temperature increase of the ocean as inferred for other parts of the Greenland ice sheet. An ice front position at the shelf break instead of at the inner or mid-shelf also implies a larger ice volume for this sector of the GIS during the LGM. It also implies a larger contribution of meltwater from GIS during the deglaciation.
Introduction
It has been estimated that melting of the Greenland ice sheet (GIS) since AD 1900 has contributed at least 25.0 ± 9.4 mm of global-mean sea level rise [20] . This release of meltwater from the GIS may also have a potential impact on global ocean circulation and climate [27] . However, as seen in the estimate of Kjeldsen et al. [20] the precise contribution is not well constrained (15.6-34.4 mm) as the uncertainties are still large. Estimates for the period prior to AD 1900 are even more uncertain (e.g. [1] ). Hence there is a pressing need to investigate the natural response of the GIS to the climatic variations of the past, including the last glacial maximum and deglaciation, in order to better predict the future dynamics of the GIS (e.g. [7] ) including its potential contribution to the global sea-water budget.
To estimate the potential impact of the major ice sheets on the global-mean sea level during their post-last glacial maximum recession to modern positions, their maximum extent during the LGM must be known. Estimates for the extent of the northeastern sector of the GIS during the LGM differ with more than a 100 km (see [3, 16] for reviews). These discrepancies result mainly from the existence of only very sparse geological and geomorphological datasets from the continental shelf off northeast Greenland. This area is difficult to access because of severe sea-ice conditions. During the last decade new marine-geological and marine-geophysical data from the northeast Greenland shelf have become available suggesting that the ice sheet for north and central East Greenland was extended to an inner-to mid-shelf position during the LGM ( [16] ; see also [3] ). This contradicts a previous hypothesis that the eastern sector of the Greenland ice sheet was stable and not much larger than at present during the last glacial [15] .
However, more knowledge from the area is required to improve reconstructions of the GIS during the LGM and the subsequent deglaciation, including a better understanding of the mechanism(s) triggering the deglaciation. In this study, we address the maximum extent of the NE sector of the GIS during the LGM using new swathbathymetry and high-resolution seismic data from the outer parts of the Store Koldewey Trough at *76°N. This trough is located in an area where the continental shelf is relatively wide (*200 km). Thus, it is one of the longest troughs in the area (Fig. 1) . Finally, we address the potential mechanism(s) of ice recession triggering including the role of the global rise in sea level.
The NE Greenland shelf landforms
The continental shelf offshore east and northeast Greenland comprises seven (1-7; Fig. 1 ) transverse cross-shelf troughs separated by shallower banks of irregular morphology north of Scoresby Sound. The southern six troughs, representing continuations of major fjord systems, have lengths between *80 and 150 km, and are relatively uniform in width (\50 km). However, the northernmost trough, the Store Koldewey Trough [3] , differs from the other troughs, as it does not represent a fjord continuation but terminates near Germania Land, where major inlets are absent. Evans et al. [12] has previously suggested that a moraine in the middle of the shelf, in the trough offshore Kejser Franz Joseph Fjord, represents the maximum shelfward extent of the NE Greenland ice sheet (trough nr 2; Fig. 1 ) during the last glacial maximum. This suggestion was later adapted by Funder et al. [16] .
North of *77°N, the large-scale shelf morphology differs from the morphology south of 77°N by showing a large coast-parallel inner trough. This trough turns into the shelf-transverse Westwind Trough towards the northeast/ east and the Norske Trough towards the southeast (Fig. 1) . The Northwind Shoal occurs east of the coast-parallel trough. This bank laterally extends *250 km in N-S direction and up to *100 km in E-W direction. The bathymetry east of the Northwind Shoal is more irregular and includes smaller banks and laterally restricted E-W oriented troughs (Fig. 1) . Elongated highs occur at the eastern margins of both the Westwind and Norske troughs. Glacial landforms were identified in the northern inner shelf and upper slope by Evans et al. [14] and Winkelmann et al. [35] . Funder et al. [16] , however, in their review favored an inner-to mid-shelf position for the maximum ice extent during the LGM in this area. It should be noted that water depths in parts of the continental shelf offshore northeast Greenland are shallower than 50 m (and including the recently discovered Tobias Ø [6] ), implying that part of this area may have been subaerial exposed during the LGM, thus providing conditions allowing the nucleation of local ice domes [3] .
Data base
Swath-bathymetry data covering an area of *500 km 2 were collected under favorable sea-ice conditions during two cruises of the TUNU-programme [8] in August 2013 and 2015 using the hull-mounted Kongsberg Simrad EM300 multi-beam echo sounder system on RV Helmer Hanssen of UiT-The Arctic University of Norway in Tromsø. Approx. 400 km of Chirp sub-bottom profiler data were acquired synchronously. The data were processed using the Kongsberg Simrad Neptune software. They were gridded at 50 9 50 m 2 cell size using the GMT software [34] . Regional bathymetry was taken from the IBCAO 3.0 bathymetry data base [18] . Offshore east Greenland the data base mainly includes single-beam data, most of which have been acquired south of 78°N [18] . Additionally, a recent update of the bathymetry published by Arndt et al. [3] was included. Our definition of a grounding-zone wedge (GZW) is in accordance with Bell et al. [5] .
Results
The study area is located in the outermost part of the *210 km long, 30-40 km wide and more than 300 m deep, NW-SE oriented Store Koldewey Trough south of the Norske Trough (trough nr 7; Figs. 1, 2). The trough includes the four prominent transverse ridges A to D; the two southeastern and outermost ridges (Ridges A and B) are part of the study area. Store Koldewey Trough was chosen as study site because it is independent of any major fjord system on East Greenland, implying that this part of the northeastern GIS must have reached a substantial thickness allowing sustained flow of grounded ice independently of the regional topography.
The outermost transverse Ridge A is located at the shelf break (Fig. 3) . It is up to 50 m high, steep-sided and at least 7 km wide and is located at approx. 300-320 m water depth (Figs. 3, 4) . Ridges with similar locations and dimensions are well known from formerly glaciated continental shelves, including the Greenland shelf, where they are interpreted as grounding-zone wedges (e.g. [10] ). Therefore, we interpret this ridge also to be a groundingzone wedge comprising glacigenic sediments deposited in front of the GIS.
Smaller transverse ridges occur northwest (inside) of Ridge A (Figs. 3, 4) . These are maximum 40 m high, up to 2 km wide and are located less than 2 km apart from each other. In plane-view they are straight to irregular sometimes including parts convex-formed in ice-flow direction. Two generations of overlying ridges occur occasionally (Fig. 3) . These small ridges are inferred to be recessional moraines (e.g. [23, 28, 33] ). The majority of these ridges were most probably formed during halts and/or minor readvances of the grounding line.
The outermost ridges overlie two sets of km-long stream-lined landforms with somewhat different orientation parallel-sub-parallel to the trough axis (Fig. 3) . The latter are interpreted to be megascale glacial lineations formed beneath fast-flowing ice during full glacial conditions (e.g. [28, 30] ) prior to the deposition of the recessional moraines. Two sets with somewhat different orientation imply a fluctuating ice margin sourced from nearby areas. The swath-bathymetry data also display iceberg plough marks and areas of smaller and transverse ridges. The latter are densely spaced, straight and their relief is \1 m (Fig. 3) . They were probably also formed during smaller halts and/or readvances in an overall ice recessional phase.
Another large and transverse ridge (Ridge B) is located approx. 50 km northwest of the shelf break (Figs. 3, 4) . Similar to the ridge near the shelf break this ridge has relatively steep sides, is approx. 100 m high and its crest terminates at *300 m water depth. However, this ridge is approx. 10 km wide. We interpret this ridge to be another grounding-zone wedge that was deposited during and/or after a significant glacier re-advance and/or longer glacier halt. An assemblage of smaller, straight to curved ridges, up to *15 m high and some 10 s of m wide are located northwest of grounding-zone wedge B. In plane-view, this assemblage is more complex than the assemblage close to grounding-zone wedge A (Fig. 3) . Whereas the straight to curved ridges are interpreted as recessional moraines (see above), rhombohedral ridges as identified offshore the modern Bråsvellbreen, Svalbard may also be present in this area, interpreted to be formed through squeeze-up of sediments into subglacial fractures immediately after a surge [29] .
Discussion
Store Koldewey Trough: the assemblage of landforms and their implications
The landforms of the outer Store Koldewey Trough document that grounded ice extended to the shelf break offshore northeast Greenland at *76°N. Megascale glacial lineations indicate fast ice flow during early periods of maximum ice extent, possibly from a fluctuating ice front. The location of grounding-zone wedge A at the shelf break indicates a longer presence of the ice front at this position (Fig. 5) . Multiple halts and/or smaller re-advances leading to the formation of the assemblage of transverse ridges northwest of grounding-zone wedge A characterize the early deglaciation of the outer parts of the continental shelf off East Greenland. The occurrence of grounding-zone wedge B, about 50 km further inside the trough, is suggested to reflect a more prominent glacier re-advance interrupting the deglaciation, or a surge may have occurred during deglaciation (Fig. 5) . These transverse ridges might be De Geer moraines. However, additional data are required to confirm this.
Thus far, systematic description of glacigenic landform assemblages from the continental shelf offshore East Greenland north of 76°N is-to our knowledge-limited to one study from a mid-shelf location in the Westwind Trough (*80°N) where multiple end moraines have been identified [35] . The landform assemblages identified in our study area differ in multiple ways from those identified by Winkelmann et al. [35] : (1) our landforms are located closer to the shelf break, rather than in central parts of the trough; (2) the smaller ridges in our study are wider (up to 2 km versus 50-250 m) and higher (maximum 40 m versus 5-25 m); (3) up to 10 km wide and *100 m high grounding-zone wedges occur; (4) ridges in our study are generally more symmetric; (5) a detectable sediment drape is absent in our area of study.
The variable sizes of the moraines and grounding-zone wedges in the study area are most probably related to variable distances of glacier re-advances and/or various durations of glacier halts. This may imply that this sector of the GIS behaved more dynamic than the sector located in the Westwind Trough. Furthermore, the generally larger sizes of the landforms in our study compared to those presented by Winkelmann et al. [35] may suggest the availability of larger amounts of sediments supporting our assumption of a more dynamic ice sheet at 76°N compared to 80°N. The transverse ridges described in our study are more than an order of magnitude wider and higher, and more irregular than sets of 1-2 m high corrugation ridges identified in Pine Island Bay, West Antarctica [17] . It has been suggested that the latter ridges were produced daily as a consequence of tidally influenced motion of mega-icebergs from a disintegrating ice shelf and a retreating grounding line. However, based on the morphological differences, we consider such a scenario in our study area as less likely.
Age of the Store Koldewey Trough landforms and their implication for the initial ice recession: an oscillating ice front
The good preservation of the glacigenic landforms in the study area, combined with the absence of a detectable sediment drape (Figs. 3, 4) is interpreted to indicate that these landforms were formed during the LGM and the subsequent deglaciation. Little or no detectable sediment drape is also characterizing the glacigenic landforms from the LGM in the outer troughs offshore northern Norway (e.g. [21, 28] ), the Barents Sea [2] and offshore northern Svalbard [25] .
The results from this study support studies from other parts of the northeast Greenland continental shelf suggesting an expansion of the eastern margin of the GIS to the shelf break during the LGM (e.g. [13, 35] ). Based on this we conclude that an inner-to mid-shelf position of the 70-78°N sector of the GIS as suggested by Funder et al. [16] (see also [19] ) most likely can be rejected for this area. Furthermore, this also implies that the contribution from the GIS to the global-mean sea level following the LGM was most likely larger than previous estimates based on a mid-or inner-shelf position of the ice front during LGM.
Compared to other studies of glacigenic landforms in outer troughs on the Greenland shelf, as well as the Norwegian-Barents Sea-Svalbard shelves (e.g. [25, 26] ), our data set reveals an unprecedentedly high number of transverse ridges. Also, these landforms indicate a behavior of the East Greenland ice sheet during the initial recession requiring a modification of present models where the glacial trough is interpreted to be dominated by streamlined bedforms formed during full-glacial conditions overlain by grounding-zone wedges in mid-or inner-shelf position (e.g. [24, 25] . The onset of the last deglaciation occurred globally from around 20 to 19 ka due to an increase in northern summer insolation [9] , offshore northern Norway dated to have started from around 18 ka [22, 32] . The increasing insolation initiated melting of the ice sheets providing the major source for a rise in sea level (e.g. [31] ). A sea-level rise should have led to lift-off and/or pervasive calving of large parts of the marine-based sectors of the GIS. This should have been preserved landform assemblages generated during the glacial maximum (e.g. glacial lineations) and ice disintegration (iceberg plough marks; e.g. [25] ) rather than a complex recession of a grounded ice sheet near the shelf break as documented here. Our data suggest the presence of an oscillating ice front during the early stage of ice recession, possibly due to the influence of ocean temperature fluctuations leading to enhanced melting and calving of the ice front when exposed to warmer Atlantic water at depth. Such scenarios were recently suggested for the initial break-up of the marine-terminating sectors of the SE Greenland ice sheet [11] .
An ice front position at the shelf break instead of at the inner or mid-shelf implies a larger ice volume for this sector of the GIS during the LGM. It also implies a larger contribution of meltwater from GIS during the deglaciation.
The influence of continental shelf bathymetry on the response to climate forcing
The influence of continental shelf bathymetry on the response to climate forcing was discussed by Bart et al. [4] from their modelling of the Antarctic Ice Sheet. As compared to much of the continental shelf surrounding Antarctica the continental shelf of NE Greenland is shallow, i.e. banks of 50-200 m and troughs of 200-400 m water depth, without a pronounced landward deepening (Fig. 1) . This may have permitted the NE sector of the Greenland ice sheet to respond dynamically to climate forcing allowing for grounding-line advance onto the continental shelf due to lower flux of calving. As a result, landforms formed from a dynamic ice sheet should be expected on shallow shelves as exemplified in our study.
Conclusions
• New swath-bathymetry and high-resolution seismic data from the outermost part of the Store Koldewey Trough reveal megascale glacial lineations, groundingzone wedges and moraine ridges, supporting the expansion of grounded ice to the shelf break at *76°N. The good preservation of the glacigenic landforms in the study area, combined with the absence of a detectable sediment drape suggest that the latest expansion occurred during the LGM.
• A complex pattern of retreat moraines in the outer trough reflects a stepwise early deglaciation, rather than a deglaciation triggered by an abrupt sea level rise. The formation of the recessional moraines was possibly related to melting of the grounded ice controlled by a temperature increase of the ocean, i.e. ocean warming preceded ice recession of this sector of the NE Greenland ice sheet.
• An ice front position at the shelf break instead of at the inner or mid-shelf implies a larger ice volume for this sector of the GIS during the LGM. It also implies a larger contribution of meltwater from GIS during the deglaciation.
